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MOLECULAR CHAPERONES
Resurrection or destruction?
Recent studies implicate Hspl 04/Clp family chaperones in both
protein disaggregation and protein degradation. How do these
homologous ring-shaped complexes function in such different ways?
Recent papers from the laboratories of Susan Lindquist
[1], Sue Wickner [2] and Maciej Zylicz [3] on the func-
tional properties of members of the heat-shock protein
(Hsp) 100 family excitingly expand our view of what mol-
ecular chaperones can do. The well-studied chaperones
of the Hsp70 and Hsp60 families have actions that have,
by and large, been understood to prevent protein aggre-
gation, but work on Hsp104 in Saccharomyces cerevisiae and
the related Clp family in Escherichia coli shows that cha-
perones can also function in protein disaggregation and
protein degradation.
Hsp104 in yeast has been observed to act on proteins in
morphologically visible aggregates, remarkably enabling
the resolubilization of such aggregates and thus the re-
turn of proteins to the native state [1]. The instrument of
this resurrection is a ring complex composed of six iden-
tical 102 kD subunits, each bearing two ATP binding site
consensus sequences [4,5]. However, the function of
homologues of Hsp104 in the bacterial cytoplasm, ClpA
and ClpX [6-8], has, surprisingly, more to do with direc-
ting proteins toward proteolysis than with rescuing ag-
gregates. Is it possible that components with related
structures can produce such strikingly different functional
outcomes? The paper of Wickner et al. [2] and that of
Zylicz and coworkers [3] provide some insight into how
this could happen.
Hspl 04 - undoing protein aggregates
Hsp104 was originally identified as a true heat-shock
protein, undetectable in yeast under normal growth con-
ditions, but expressed at a level of -2 % of total cell
protein under conditions of stress (such as heat shock or
exposure to heavy metals or ethanol [9]). Deletion of the
Hsp104 gene from yeast, as might be expected, led to a
drastic reduction of induced thermotolerance - the
mutant cells failed to survive incubation at extreme tem-
perature following an inducing pre-exposure to mild
heat. Curiously, while mammalian cells contain homo-
logues of Hspl04, Drosophila melanogaster lacks them, but
appears to compensate with a more vigorous stress-medi-
ated induction of Hsp70-class proteins than other species.
As might be expected, thermotolerance of HsplO4-defi-
cient yeast is partially rescued by overproduction of cyto-
solic Hsp70 proteins [10]. Apparently, Hsp70 can act
either to forestall aggregation, or perhaps even to mediate
disaggregation, at least to some extent.
In their recent study, Parsell et al. [1] further compared
intact HsplO4-deficient and wild-type cells. With both
cell types, incubation at heat-shock temperature led to
the production of morphologically visible inclusions and,
correspondingly, to aggregation, but not turnover, of a
test protein. The differences between wild-type and mu-
tant cells were observed after they had been shifted back
to the normal temperature: whereas wild-type cells re-
solved the inclusions, restoring solubility and activity of
the test protein, the Hsp 104-deficient cells could not
clear the aggregates. Thus, Hsp104 is implicated in medi-
ating the resolubilization of protein aggregates. Whether
it acts alone, or whether other components participate, is
not entirely clear.
The exact physiology of HsplO4 action remains to be
determined. For example, does Hsp104 act on misfolded
protein substrates during heat shock, or only after the cell
has returned to a 'recovering' temperature? If, in fact,
Hsp104 acts during heat shock, why are aggregates accre-
ted? Reflecting on these questions, there seem to be two
major possibilities for the action of Hsp104. One is that
Hsp104 binds substrates during heat shock, but cannot
mediate complete disaggregation until a return to normal
temperature. Such behavior might predict that Hsp104
should become localized within aggregates formed at
high temperature. The other possibility is that Hspl04
acts externally, binding to and dismantling a preexistent
aggregate. This latter post facto mechanism of action
might now be demonstrable with a genetic construction
in which Hsp104 is supplied in the cell only after a shift
down from the heat-shock temperature.
One piece of cellular machinery that is particularly sensi-
tive to heat shock, and whose repair after heat shock
critically dependent on the action of Hsp104, is the
mRNA-splicing apparatus. Vogel et al. [11] have recently
observed that functional Hsp104 is required for the repair
of heat-damaged splicing in intact yeast. They also dem-
onstrated that HsplO4 can act in the repair of splicing
activity of heat-treated cell extracts - the addition of
purified Hsp104 promoted repair even when added after
the heat shock. Such repair was further enhanced by
Hsp70 proteins both in vivo and in vitro.
The Clps - chaperones directing degradation
The bacterial cytoplasm contains two homologues of
Hsp104, ClpA and ClpB, which share a similar primary
structure and the same hexameric quaternary structure
[2,4,6]. In particular, the three proteins are related by two
sequence blocks, each of -200 amino acids, centered
around each of the two consensus ATP-binding sites.
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Notably, ClpB is more closely related to HsplO4 than is.
ClpA, principally by virtue of a 'spacer' segment of -100
amino acids, between the two conserved blocks, that is
not present in ClpA. ClpB is a heat-inducible protein,
and deletion of its gene reduces the thermotolerance of
E. coli, a phenotype resembling that of Hsp104-deficient
yeast [12]. However, to date, aggregation has not been
reported in clpB cells.
Whether the physiology of the less-related relative, ClpA,
has direct relevance to understanding ClpB is unclear,
but ClpA is somewhat better-studied. Indeed, work by
Fred Goldberg, C.H.Chung, Susan Gottesman, Michael
Maurizi and their coworkers during the past seven years
has established that ClpA is a 'regulatory' element of a
two-component, ATP-dependent proteolytic system (for
reviews see [13,14]). ClpA, despite lacking protease
activity itself, is required along with Mg2 +-ATP for
degradation of proteins mediated by the ClpP protease, a
serine protease composed of two stacked seven-mem-
bered rings ([15]; H. Saibil, and J. Flanagan, M. Capel,
D. Schneider and J. Shanklin, personal communications),
to which ClpA binds. The way ClpA binds at the ends of
the ClpP cylinder is strongly reminiscent of the quar-
ternary structures of the archaebacterial and eukaryotic
26S proteasome complexes [16,17].
The ClpA/P duo was originally identified in protease-
La-deficient E. coli extracts as a further mediator of the
ATP-dependent proteolysis of methylated casein [18,19].
The natural substrates for ClpA/P remain to be identi-
fied, but a fusion of the 40 amino-terminal residues
of ClpA with -galactosidase, and amino-terminally
substituted P-galactosidase derivatives that have short
half- lives, turn out to be degraded in vivo by the
ClpA/P system [20,21]. Although ClpA and ClpP can
be deleted without effects on cell growth, it should be
pointed out that E. coli has a repertoire of proteases,
which give considerable redundancy.
ClpP can hydrolyze small peptides at a slow rate without
the help of either ClpA or ATP, but there is an absolute
requirement both for ClpA and for hydrolyzable ATP (or
dATP) for the proteolysis of larger substrate proteins
[22,23]. Wickner et al. [2] have now made some sense of
the role of ClpA. While looking for proteases that de-
grade the Pl-plasmid-encoded protein RepA, they iden-
tified the ClpA/P protease. Surprisingly, when ClpP was
omitted from the reaction, RepA was observed to be-
come reactivated by ClpA. In previous studies, the E. coli
Hsp70 homologue, DnaK, in the company of its cooper-
ating partner, DnaJ, were shown to be capable of reacti-
vating RepA. The new results show that ClpA is also
capable of reactivating RepA, and can do so without a
partner. In the presence of non-hydrolyzable analogues of
ATP, RepA dimers became stably bound to ClpA; in the
presence of ATP (or dATP), RepA was released in a
monomeric form capable of binding to the P1 origin
(Fig. 1). However, such action does not quite amount
to the disaggregation of misfolded proteins mediated by
Fig. 1. Pathways of CIpA/X action. In vitro, in the absence of
ClpP, ATP-mediated dissociation of multimers is observed; in the
presence of ClpP, ATP-mediated degradation is observed. Studies
of E. coli mutants support a role of ClpA/P and ClpX/P in protein
degradation in vivo; as yet a role in protein disaggregation or
refolding remains to be observed for ClpA or ClpX in vivo.
Hsp104. A direct test of whether ClpA can disaggregate
proteins was carried out in vitro, by coincubating ClpA
with firefly luciferase during a 42 C heat treatment.
While ClpA protected the luciferase from irreversible
heat inactivation, it could not by itself reactivate the
enzyme when the temperature was reduced to normal
and ATP added - only when DnaK, DnaJ and GrpE
were added could reactivation be observed.
The action of ClpA may differ from that of HsplO04, yet
its polypeptide binding and ATP-dependent dissociative
function still qualify it as a chaperone, able to mediate
ATP-dependent conformational change of at least the
RepA protein. This change seems most likely to be an
unfolding, akin to the action of Hsp70 in clathrin dis-
assembly, for example. Such an unfolding function could
most readily explain the further observation that, when
a RepA-ClpA binary complex was supplied with
Mg2 +-ATP and ClpP, RepA was degraded (Fig. 1). This
outcome most likely reveals the behavior of ClpA in the
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cell, where ClpP is present and may normally be associ-
ated with ClpA: the binding and unfolding of a substrate
mediated by ClpA is likely to occur in concert with the
proteolysis of the substrate by ClpP.
The substrate specificity of ClpP thus appears to be dic-
tated by its cooperating, physically-associated chaperone
partner. Such a conclusion has been anticipated by the
work of Zylicz, Georgopoulos and coworkers, who car-
ried out a biochemical screen designed to identify pro-
teases in E. coli lysates that could degrade the short-
half-life protein O [8]. They uncovered a homologue
of ClpA and ClpB, called ClpX, which turns out to be
a 'half'-Clp, equivalent to just the carboxy-terminal
homology block present in ClpA/B. Revealingly, Got-
tesman et al. [7] found the coding sequence of ClpX
downstream from that of ClpP, in the same operon and
governed by the same heat-shock promoter (this con-
trasts with ClpA, which is encoded elsewhere and is not
heat-inducible).
Recent studies in vitro [3] show that, in the absence of
ClpP, ClpX also displays chaperone activity. It is able to
protect XO from heat-induced aggregation in the pres-
ence of either ATP or non-hydrolyzable analogues, and it
can also disaggregate XO in the presence of hydrolyzable
ATP (see Fig. 1). Also supporting the classification of
ClpX as a bonafide chaperone are measurements showing
that its ATPase activity is stimulated by its O substrate,
and the observation that ClpX preferentially binds dena-
tured, as opposed to native, firefly luciferase [3]. In a
more physiological incubation, however, in the presence
of ClpP and Mg2+-ATP, XO is proteolyzed [8] (Fig. 1).
Likewise, Gottesman et al. [7] found that mutation of
either ClpP or ClpX leads to XO having an extended
half-life in vivo. Subsequently, two other proteins that are
directed to turnover through ClpX/P have been identi-
fied: the mu vir protein and the P1-plasmid-stabilizing
protein, PhD (see [13,14]).
Unlike ClpA and ClpX, ClpB has so far not been directly
implicated in proteolysis, and an association of ClpB with
ClpP has also not been detected [24]. Thus, despite its
structural similarity to ClpA, ClpB may have a role more
like that of yeast HsplO4. Experiments attempting to sub-
stitute yeast Hsp104 with E. coli ClpB have not rescued
thermotolerance of yeast but, interestingly, an Hsp104
relative recently identified from the plant Arabidopsis
thaliana was able to confer nearly complete rescue [25].
Hsp100 ring ATPases - features resembling chaperonins
but novel features as well
Electron microscopy reveals an inescapable similarity be-
tween members of the HsplOO family and the Hsp60
chaperonins [4]. End views of Hsp1OO oligomers show
the same ring-shaped structure, with an outside diameter
of 155 A and a central hole of -25 A diameter. It is
tempting to consider that, as with chaperonins, this hole
is the active site, where proteins are bound and released.
Interestingly, the complex of ClpA and ClpP brings an
axis of six-fold symmetry in ClpA together with one
of seven-fold symmetry in ClpP. This raises the possi-
bility that substrate is passed from the central channel of
the chaperone to that of the protease, which presumably
bears the enzyme's catalytic 'teeth'.
The exact role of ATP binding and hydrolysis in mediat-
ing chaperone function of Hsp100 family members is at
present unknown. ATP hydrolysis could be directly in-
volved in active unfolding of substrate, by providing the
necessary free energy. Alternatively, ATP binding and
hydrolysis could be involved in substrate release, in a
manner perhaps similar to the way that the Hsp60 and
Hsp70 chaperones are thought to use ATP In the bacter-
ial setting, in the presence of ClpP, an ATP-driven com-
plete release of non-native peptide may not be possible,
as the peptide may be channeled directly from chaperone
to protease.
The ability of Hsp104 to disrupt protein aggregates in
vivo is a captivating feature. This action has an obvious
potential use not only in biotechnology, but also in the
area of human disease, where a class of inherited and ac-
quired disorders has now been recognized to promi-
nently feature protein aggregation (for example [26]).
Understanding the physiology of HsplO4 both in healthy
and diseased states may offer new means of managing
these disorders. It now seems critical to understand in
physiological, structural and mechanistic detail how this
remarkable class of proteins carries out its rescue and
turnover functions.
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